Abstract
Introduction

39
Imagine sitting outside on a summer evening. Suddenly you hear a buzz and then feel a prick to 40 your skin, as the mosquito lands. You are faster to swat it away because you first heard it 41 coming. This faster detection of a multisensory event, known as the redundant target effect 42 (RTE) (Miller 1982 
Materials and Methods
91
Participants. Twenty-five healthy, adult participants with no neurological disorder were 92 recruited from the local university population (students as well as members of the general public)
93
(N=25, 12 female and 13 male; aged between 18-35 years old). One participant was excluded 94 due to an abnormal finding in the structural MRI. Two participants were excluded from the 95 behavioural analysis, because data were not collected for all conditions. Two different 96 participants were excluded from the EEG analysis, because insufficient EEG data were collected.
97
As a result, we included 22 participants in both the behavioural and EEG analysis. They gave 98 written informed consent and were compensated with either cash or course credit. Ethical 99 approval for the study was given by the University of Birmingham Science, Technology,
100
Engineering, and Mathematics Review Committee with approval number ERN_11-0429AP22B. fibre projected light and the other was a photodiode that detected the light reflectance; from this, 122 the reflectance dynamics confirmed the exact timing of the touch to the skin. As this was a 123 mechanical air-pressure-driven device, it does not have an immediate on/off time (see Figure S1 124 for a plot of the reflectance data for one trial). This tactile apparreatus was very similar to that 125 used by Leonardelli et al. (2015) . After the experiment, subjects were queried as to whether they 126 could hear any noises of the tactile device and none reported that they could.
127
The auditory stimulus (target) was an airpuff noise of 200 ms duration. exclusion also of one participant for the afore-mentioned structural MRI abnormality).
172
Participants kept their eyes closed to obliterate any visual input throughout the experiment.
173
They were seated comfortably with their head stabilised in an adjustable chin rest and were automatically detected using three re-referenced bipolar pairs ('F7-F8', 'Fp2-FT9', and 'Fp1-
237
FT10') and the VEOG if available. These channels' data were band-pass filtered (1-16 Hz;
238
Butterworth, order 3) and transformed to z-values. The exclusion threshold was set at a z-value 239 of 6 and trials containing these artefacts were excluded. EEG data were re-referenced to the AT asynchrony level such that the onsets of the auditory and tactile stimuli were exactly aligned 251 to the trials of the AT condition (i.e. we also accounted for the jitter of tactile onsets, see above).
252
Trials from each condition were randomly sub-selected to ensure an equal number of trials per beta) so as to obtain results specific to a band for ease of interpretation.
290
EEG analysis: statistics. Our two main statistical analyses are outlined in Figure 2A . First, performed separately for ERP, ITC, and TF power.
297
To correct for multiple comparisons (over channels and time), we performed non-parametric 
319
This weighting across asynchrony levels was also applied to the original (non-masked) 7 X 320 channel-time matrix to obtain the pattern across channel-time which reflects the differences 321 across conditions. This vector was reshaped back to channels X time, and a 2 nd PCA was Figure 3B as an example).
332
To further determine which asynchronies drive the significant main effect in the rmANOVA indicates that the F-contrast from the rmANOVA is mainly driven by the TA70 asynchrony. In
346
Figures 3-5, we then show the within-asynchrony interaction selectively for the asynchrony that 347 received the greatest weight in the PC. AT asynchrony: 0, ±20, ±70, and ±500 ms (Figure 1a ).
379
Behavioural results: reaction time facilitation tapered by TIW
380
As expected, we observed significantly faster ( Figure S2 subjects mean ± SEM) for the different asynchrony levels were: AT70 = 35 ms ± 6 ms, AT20= 384 38ms ± 5 ms, AT0 = 35ms ± 4 ms, TA20 = 33ms ± 4 ms, and TA70 = 24ms ± 4 ms.
385 Surprisingly, we observed significantly slower response times for the AT500 relative to the 386 unisensory auditory condition, i.e. a negative redundant target effect (across subjects' mean ± 387 SEM) = -16ms ± 4 ms. Figure S3 shows the ERPs for the A, T, AT and N conditions. Both tactile-alone (pink) and AT synchronous stimuli (AT0) and trends also for the near synchronous stimuli ≤20 ms (i.e.
421
AT±20 ms, see Figure S4 ). Further, Figure 3C and 3D indicate that the AT interactions in AT0
422 evolve during and after the N100 (70-170 ms), in both central and posterior sensors, with A+T 423 being greater than AT+N.
424
The rmANOVA also revealed a significant temporally-extensive cluster (p=0.0005), spanning subcluster can be attributed to eye artifacts based on it spatiotemporal and asynchrony profile,
429
we do not discuss it further in the main manuscript (for completeness we show it in Figure S5 ). (light blue) and AT+N (dark blue); for more information on these, see Figure S3 .
445
The first subcluster extended from 180 to 270ms ( Figure 4A ). As shown in Figure 4A , it Figure S4 for similar effect for TA70). As shown in Figure 4D -i,
455
this AT interaction modulated the shape and magnitude of the P200: the P200 occurred earlier 456 and was reduced in amplitude for the AT+N (dark blue) relative to A+T (light blue). The second 'sub-cluster' ( Figure 3A , ii) extended from 350 ms to 420 ms. The F-values for 463 the modulatory effects of asynchrony (i.e. rmANOVA) were greatest over occipital electrodes.
464
The weighting across asynchrony levels of the 1 st PCA (explaining 43.6% of the variance)
465
indicates that this later audiotactile interaction effect was most pronounced for near-synchronous 466 conditions ≤ 20ms and particularly for AT20. The further spatiotemporal characterisation of this 467 effect (via 2 nd PCA) indicates a topography that varies from front to back and a time course with peak ~400ms (Figure 3C -ii). This spatiotemporal profile was also found for the audiotactile 469 interaction AT20 ( Figure 3D -ii) and TA20 ( Figure S4 ). Moreover, we note the similarities 470 between the early (100ms) and late (400ms) effects in the ERP, both from rmANOVA (and 471 subsequent PCA) and the within-asynchrony AT interactions.
472
In summary, we observed three distinct AT interaction effects for ERPs, all limited to AT 473 asynchrony levels within the behavioural ≤ 70 ms TIW. The AT interactions at 100 ms and 400 principal component ( Figure 5C ) and the TA70 asynchrony ( Figure 5D ) that formally received 524 the greatest weight are therefore slightly less in correspondence. Although the time courses of 525 the first PC ( Figure 5C ) and the AT interaction for the TA70 asynchrony ( Figure 5D ) roughly 526 match (keeping in mind that time=0 in Figure 5C means the onset of the second stimulus) and 527 both emerged with a predominantly central topography, the correspondence is not as striking as 528 for the previous results. As shown in Figure 5D , the audiotactile interaction in beta oscillatory 529 power for TA70 relied on a stronger suppression in beta power (event-related desynchronization; 530 ERD) for A+T than AT+N stimuli around 250 ms post-stimulation followed by a rebound
531
(event-related synchronisation; ERS) above and beyond baseline, around 800-1000 ms post-532 stimulation (for AT interactions at other asynchronies see Figure S8 ). In summary, audiotactile 
586
The P200 ERP effects were directly related to AT interactions for theta-band ITC and TFP
587
that emerged with a central topography again at ~200 ms post-stimulus primarily for ± 70 ms AT 588 asynchrony (Figure 4) . Critically, whilst the ERP and theta-band power interactions followed a 589 similar temporal profile and topography irrespective of whether the auditory or the tactile 590 stimulus is leading, the ITC effects were inverted for auditory relative to tactile leading 591 stimulation (i.e., the condition weighting for P200 and theta power are in the same direction for 592 AT70 and TA70, whereas the condition weightings for these asynchronies are opposing for theta 593 ITC; Figure 4B ). This dissociation between ERP and ITC is mathematically possible and one and of directional asymmetries in the AT interaction (Cecere et al. 2017 ).
609
The AT interactions discussed so far were moulded by two distinct neural mechanisms: (i)
610
ERP effects at ~100 and ~400 ms that followed a U-shape function across asynchronies, mimicking the temporal binding window at the behavioural level and (ii) effects primarily driven 612 by the ± 70 ms AT asynchronies, reflected in the P200, theta ITC, and theta power, and may be 613 mediated by mechanisms of phase resetting.
614
In contrast, AT interactions for induced beta oscillatory power were expressed across a set of 615 asynchrony levels. As shown in Figure S8 (bottom row), both auditory and tactile stimuli 
